Oral actinomycetes produce fructosyltransferase (FTF) enzymes which convert sucrose into polymers of Dfructose, known as levans, and these polymers are thought to contribute to the persistence and virulence of the organisms. A gene encoding FTF was isolated from Actinomyces naeslundii WVU45; the deduced amino acid sequence showed significant similarity to known levansucrases of gram-negative environmental isolates but was less similar to FTFs from gram-positive bacteria. A transcriptional start site was mapped by primer extension 70 bp 5 from the putative start codon. Promoter fusions to a chloramphenicol acetyltransferase gene were used to confirm that there was a functional promoter driving ftf expression and to show that sequences located 86 to 218 bp upstream of the transcription initiation site were required for optimal ftf expression. Quantitative slot blot analysis against total RNA from cells grown on different sugars or from different growth phases revealed that ftf was constitutively transcribed. Thus, the A. naeslundii FTF is more similar in primary sequence and the regulation of expression to levansucrases of gram-negative bacteria than gram-positive bacteria.
Actinomyces naeslundii is a gram-positive, facultative anaerobe that is one of the primary colonizers of mucosal and tooth surfaces (45) . It has been suggested that A. naeslundii may be involved in the pathogenesis of root caries (40) and periodontal diseases (25, 38) . A. naeslundii isolated from human root caries has been demonstrated to produce root caries and alveolar bone loss in germ-free rats fed a high-sucrose diet (38) . In a similar study, gnotobiotic rats which were infected with Actinomyces and fed a high-carbohydrate diet developed root caries and periodontal lesions (25) . More recently, though, epidemiological studies which enumerated the bacteria isolated from human root caries and noncarious surfaces indicated that the presence of A. naeslundii is not positively correlated with caries (6, 42) . Considering the abundance of Actinomyces in plaque and the likelihood that these organisms play key roles in oral health and disease, comparatively little is known about the pathogenic potential of these bacteria or their role in plaque ecology.
Actinomyces spp. and many oral streptococci produce fructosyltransferases (FTFs), which use dietary sucrose to produce extracellular homopolymers of fructose (fructans), which are predominantly ␤2,6 linked (levans) or primarily ␤2,1 linked (inulin), depending on the source of the FTF (4) . FTFs that produce levans are often called levansucrases. Organisms that synthesize fructans have the ability to hydrolyze them via fructanases or levanases (9) . Fructans accumulate rapidly in human dental plaque following the ingestion of sucrose, and the levels of fructans decrease steadily for about an hour after exogenous carbohydrates are exhausted (22, 24) . Based on this observation and experiments conducted with strains of Streptococcus mutans with defects in fructan metabolism (7) , fructans appear to serve principally as storage polysaccharides, which can be hydrolyzed by fructanases when other carbohydrate sources are depleted. It is hypothesized that fructan metabolism contributes to the development of dental caries by allowing plaque bacteria to utilize a greater proportion of dietary sucrose over a longer period of time, thus enhancing acid production. The ␤2,6-linked fructans, such as those produced by Actinomyces, are effective T-cell-independent antigens, can trigger inflammation, and are mitogenic for B cells (14, 18) . Thus, it is possible that an immune response to levans may contribute to the inflammation seen in periodontal diseases.
Only a few investigations of FTF of Actinomyces have been conducted, and those were performed more than 25 years ago. In those early studies, the biochemical properties of FTF were explored in Actinomyces viscosus (33, 41) , a strain related to A. naeslundii. An analysis of the fructan product from A. viscosus revealed that the enzyme synthesizes primarily levantype polymers, rich in ␤2,6 linkages (34, 41). The A. viscosus FTF was characterized as having both cell-associated and extracellular forms. Since that time, no additional insights into the genetics or biochemistry of Actinomyces FTFs have been realized, in spite of the potential contribution of fructans to the persistence and pathogenesis of Actinomyces, nor has the role of these polymers in modulation of oral biofilm composition and virulence been elucidated. The purpose of this study was to begin a detailed molecular characterization of the FTF of A. naeslundii.
(Takara Shuzo Co., Otsu, Japan) or by using the Taq Trak sequencing reagents (Promega, Madison, Wis.). Nucleotide sequencing was completed by generating subclones and by primer walking with oligonucleotides that were complementary to the ftf open reading frame. Sequencing reactions were radiolabeled using [␣- 35 S]dATP (New England Nuclear, Boston, Mass.). Southern blotting experiments were performed as described by Sambrook et al. (36) under conditions of high stringency.
Primer extension analysis. A. naeslundii WVU45 was grown in ADM, containing 1% sucrose or glucose as the carbohydrate source, to mid-exponential phase, and total RNA was isolated as described by Chen et al. (11) . Primer extensions were carried out with the oligonucleotide PE3 (5Ј-GACAGGCTCG GAACGAAGTGTG-3Ј). The protocol followed was that of McKnight and Kingsbury (29) as described elsewhere (3), with reverse transcription and annealing at 42°C and using annealing buffer containing 1.5 M KCl, 0.1 M Tris (pH 8.0), and 10 mM EDTA.
Promoter fusion construction. DNA fragments containing the promoter region and ribosome binding sites of the ftf gene of A. naeslundii WVU45 were amplified by PCR using two sets of primers, engineered to contain a BamHI site 5Ј and a KpnI site on the 3Ј end of the product. The first set was PF1 (5Ј-GAC CACTGGTACCGACAGGATGGGAGACCAG-3Ј) plus PF3 (5Ј-GGTCATG GATCCTACTGTCCTTACTCATGAGGG-3Ј), yielding a 300-bp product. The second primer pair, PF2 (5ЈGCAGGGGGTACCTCTTTGGTAGGAGACGAC 3Ј) and PF3, produced a 160-bp fragment. The correct nucleotide sequence of the PCR products was confirmed, and a BamHI/KpnI fragment was subcloned into pCW24 containing an E. coli chloramphenicol acetyltransferase (cat) gene (11) . The cat gene in pCW24 lacks a ribosome binding site and was engineered such that a promoter and cognate translational initiation sites of the gene of interest could be juxtaposed immediately 5Ј to cat. A fragment containing the promoter region fused to cat was generated by digestion with KpnI and HindIII and subcloned into pJRD215 (16) . Plasmid pJRD215, containing the ftf promoter fused to the cat reporter gene, was introduced into A. naeslundii WVU45 by the protocol of Yeung and Kozelsky (47), using a Gene Pulser (Bio-Rad Laboratories, Richmond, Calif.) connected to a pulse controller. Plasmid pJ218CAT contained the full-length promoter including 218 bp 5Ј to the transcriptional initiation site. Plasmid pJ86CAT was the 5Ј deletion derivative containing the promoter and additional sequences located 86 bp upstream of the transcription start site, and pJCAT contained only the promoterless cat. Plasmid DNA was extracted from Actinomyces as described by Anderson and McKay (1) .
Enzyme assays. Cell extracts were prepared from E. coli FTFLB4 by collecting cells from a 50-ml culture and washing in 10 mM potassium phosphate buffer (pH 6.0). Cells were resuspended in 1 ml of 50 mM phosphate buffer (pH 6.0) and added to 600 l of glass beads in a screw-cap microcentrifuge tube. Cells were homogenized in a Bead Beater (Biospec, Bartlesville, Okla.) for 20 s, placed on ice for 1 min, and homogenized again. For measuring sucrose hydrolysis, cleared lysates generated by centrifugation at 14,000 ϫ g for 15 min at 4°C were incubated with 25 mM sucrose in 25 mM phosphate buffer (pH 6.0) at 37°C. Total reducing sugar released during the reaction was measured by the method of Luchsinger and Cornesky (27) . Alternatively, incorporation of fructose into polymer was assayed as previously described (35) by incubating the cleared cell lysates with [fructose- [1] [2] [3] H]sucrose at 37°C in 25 mM phosphate buffer (pH 6.0) for 4 h; 5 ml of ice-cold methanol was added, and the samples were applied to glass fiber filters on a vacuum manifold. Filters were washed twice with 5 ml of ice-cold methanol, dried, and counted in a scintillation counter. Activity was expressed in units, defined as the amount of enzyme required to incorporate 1 mol of fructose into methanol-insoluble material per milligram of protein per hour.
CAT assays. A. naeslundii strains carrying cat gene fusions were grown to exponential phase in ADM containing 1% glucose. One hour before the cells were harvested, sucrose was added to a final concentration of 1%. Cells were collected by centrifugation and washed with 10 mM Tris-HCl (pH 7.8). The pellets were resuspended in 750 l of 10 mM Tris-HCl (pH 7.8), homogenized with 500 l of glass beads for 20 s, and placed on ice for 2 min; then this process was repeated. The cleared lysates were used for determining CAT activity by the method of Shaw (37) . One unit of CAT activity was defined as the amount of enzyme needed to acetylate 1 nmol of chloramphenicol per minute. Activities were normalized to protein concentrations, which were determined by the method of Bradford (5) with a commercially available reagent (Bio-Rad, Hercules, Calif.), using bovine serum albumin as the standard.
Slot blot analysis. Total RNA was isolated from A. naeslundii WVU45 grown in ADM containing 1% desired carbohydrate. RNA concentrations were determined spectrophotometrically, and equivalent amounts of RNA were loaded onto the slot blot apparatus as described by Sambrook et al. (36) . Blots were probed with internal fragments of the ftf gene. Hybridization and wash conditions were as described by Church and Gilbert (13) .
RESULTS
Identification of an ftf gene from A. naeslundii WVU45. As part of a separate project in the laboratory, a genomic library of A. naeslundii WVU45 was constructed in the bacteriophage GEM-12 and screened for urease genes (31) . Nucleotide sequence analysis of a plasmid subclone derived from LM9 (31) revealed similarity to known levansucrases. A 9-kbp BamHI fragment containing the entire ftf gene was subcloned into pGEM7 (Promega) to yield pWC1. Southern hybridization using an internal fragment of pWC1 to A. naeslundii WVU45 chromosomal DNA under high-stringency conditions confirmed that the clone isolated was indeed derived from A. naeslundii (data not shown).
DNA sequence of the ftf gene was obtained by generating subclones and by primer walking. An open reading frame of 1,889 bp was identified. The deduced amino acid sequence had the highest degrees of similarity (57%) and identity (51%) to the levansucrase of the gram-negative soil and plant bacterium Acetobacter diazotrophicus. The protein contained a sequence characteristic of signal sequences of gram-positive bacteria. The calculated molecular mass of 68,251 Da was similar to those of many but not all levansucrases. In addition, eight regions that have been shown to be conserved in all levansucrases (2), including an RDP sequence containing the putative catalytic aspartic acid residue located at position 357, were conserved in the A. naeslundii FTF (Fig. 1) . Overall the A. naeslundii FTF shared the strongest similarities with FTFs of gram-negative bacteria; lesser similarities were observed with the FTFs of gram-positive bacteria, including S. mutans, S. salivarius, and Bacillus subtilis. Also, the sequence WTRADA (positions 127 to 132), which has been observed only in levansucrases of gram-negative bacteria, including A. diazotrophicus, Erwinia amylovora, Zymomonas mobilis, and Pseudomonas syringae, was present in the A. naeslundii FTF.
Enzyme characterization. A. naeslundii produces more than one enzyme capable of hydrolyzing sucrose (30, 32) . A variety of chromatographic purification steps were implemented to purify FTF from A. naeslundii. However, all of these failed because of rapid loss of enzymatic activity, possibly due to proteolytic activity or aggregation of the enzyme. Because of this, initial characterization of the enzyme was performed using enzyme preparations from E. coli, which is normally devoid of sucrase activity. Plasmid pWC1 was digested with SmaI and ClaI, and a 6-kbp fragment was subcloned into EcoRV-and ClaI-digested pBCIISk (Stratagene, La Jolla, Calif.) in E. coli DH10B. The resulting strain, FTFLB4, expressed a sucrase activity not detectable in DH10B and exhibited levan synthesis as measured by incorporation of 2.6 mol of radiolabeled fructose mg of protein Ϫ1 h Ϫ1 into a methanol-insoluble polymer. To provide a frame of reference, S. salivarius 57.1, a known levan-synthesizing bacterium, produced 1.08 mol mg of protein Ϫ1 h Ϫ1 in culture supernatants. The ftf gene in pFTFLB4 was in the same orientation as the lacZ promoter in the vector, but the transcriptional start site (see below) was located 2.5 kb from the lacZ promoter. Therefore, it is likely that E. coli transcriptional machinery recognized promoterlike sequences upstream of ftf.
Mapping of the transcriptional initiation site. The primer PE3, complementary to the region located 13 to 34 nucleotides 3Ј to the ATG start codon, was used in the primer extension analysis. A single transcription initiation site was mapped to a thymidine residue located 70 bases 5Ј of the start site, regardless of whether the cells were grown in sucrose or glucose (Fig.  2) . Not surprisingly, no similarities to canonical promoters were identified within 200 bp 5Ј to the start site, nor did a comparison of the putative promoter with other known Actinomyces promoters reveal any obvious consensus sequences. Of note though, the DNA found within 100 bases 5Ј to the transcriptional initiation site was 57% GϩC, contrasted with a 68% GϩC content for the ftf open reading frame and the 65 to 68% GϩC content estimated for the A. naeslundii chromo- Expression of ftf is constitutive. Expression of FTFs by gram-positive bacteria is generally regulated by environmental factors, including carbohydrate source. To determine if the ftf of A. naeslundii could be regulated by growth domain, slot blot analysis was performed with total RNA from early-, mid-, and late-exponential-phase cells of A. naeslundii WVU45 growing with sucrose or glucose as the sole carbohydrate source. The results indicated that ftf was expressed at the same level regardless of the growth phase or carbohydrate source (data not shown). To determine if ftf was regulated by other carbohydrate sources, RNA was isolated from A. naeslundii grown in the presence of 1% sucrose, glucose, fructose, or galactose. The results of the slot blot indicated that the transcription of ftf was independent of carbohydrate source under the conditions tested (data not shown). The ability of sucrose to induce ftf expression was also examined in cells growing on glucose because A. naeslundii clumps in the presence of sucrose. For these experiments, cells were grown to an optical density at 600 nm of 0.5 or 1.0, and then sucrose was added to a final concentration of 1% 1 h before cells were harvested. No significant differences in the amounts of ftf mRNA were noted between controls, i.e., cells incubated for an additional hour in glucose alone, and the sucrose-treated cells (data not shown).
CAT activity of promoter fusions in A. naeslundii. Expression of cat driven from the A. naeslundii promoter and a 5Ј deletion derivative was assessed in cells grown in glucose and in cells induced with sucrose as described above (Fig. 3) . Cells carrying the full-length promoter fusion, which extends to position Ϫ218 from the transcriptional initiation site, expressed the highest level of CAT activity. The smaller fusion, containing only 86 bp upstream from the transcriptional initiation site, had significantly less activity. A. naeslundii that harbored the construct that contained the promoterless CAT had no detectable activity.
DISCUSSION
The major fructan-producing organisms in plaque are streptococci and Actinomyces spp. S. mutans, a known cariogenic bacterium, synthesizes an inulin-type polymer, whereas Actinomyces spp. synthesize the levan-type polymer (4). Interestingly, the S. mutans fructan hydrolase (FruA) was found to have a two-to threefold-higher rate of attack on levans compared to inulins (8) . This suggests that levan-type fructans may be more abundant than inulins in human dental plaque, and that there may be an ecological advantage afforded by levan catabolism. Although the soft tissue colonizer S. salivarius can make a levan-type polymer, dental plaque streptococci generally do not (20) . Therefore, levan production by Actinomyces in supra-and subgingival dental plaque may be a major factor in the compositional balance of oral biofilms and a contributor to the initiation of oral diseases. This study has provided the first insights into the primary sequence, activity, and regulation of expression of the A. naeslundii FTF.
The resemblance of the A. naeslundii FTF to gram-negative levansucrases extends beyond the overall percentage of sequence identity and similarity. In particular, when Arg331 of the B. subtilis levansucrase is changed to a histidine residue, the efficiency of polymerization decreases significantly (10). Arg331 is conserved in both the S. mutans and B. subtilis FTFs and is thought to be part of the active site of the enzyme (10, 28) . In levansucrases from gram-negative bacteria and in the A. naeslundii FTF, a histidine residue occupies this position. It has been postulated that this amino acid substitution is responsible for the high amounts of 1-kestose (glucose-␤2,1-fructose-␤2,1-fructose) and lower levels of high-molecular-weight levans synthesized by A. diazotrophicus (23) and Z. mobilis (15) . Based on these observations, the A. naeslundii FTF may synthesize products more similar to the gram-negative levansucrases.
Interestingly, the A. naeslundii urease operon is located 6 kbp downstream of ftf, but its gene products share strongest similarities with ureases of gram-positive bacteria (31) . The similarity of the A. naeslundii FTF to gram-negative FTFs may be due to the fact that the ftf gene was acquired by horizontal gene transfer from a gram-negative organism. Although the GϩC content of the ftf gene does not differ from that estimated for the A. naeslundii chromosome (45), there are high-GϩC gram-negative organisms that produce levansucrase. For example, the A. diazotrophicus levansucrase, with which the A. naeslundii enzyme shares the highest similarity, is encoded by a gene with a high-GϩC content, 63%, which is in good agreement with its genomic DNA GϩC content (2) . At this time, though, there are no additional data to indicate that the gene could have been acquired by gene transfer, and a search of 500 bp 5Ј and 300 bp 3Ј of the ftf open reading frame did not reveal the presence of mobile genetic elements.
Attempts to align the ftf promoter with the relatively few other Actinomyces promoters that have been mapped, or with known Streptomyces promoters, did not yield any consensus sequences. These results are similar to the few other studies of Actinomyces promoters, which have led to the conclusion that Actinomyces spp. may possess a distinct class of promoter sequences (31, 45) . The only common feature discovered thus far in Actinomyces promoters is that the region within 100 bp of the transcriptional initiation site is unusually AT rich, which is also the case for the ftf gene.
It appears that E. coli harboring pFTFLB4 could express the ftf gene, although not necessarily from the cognate Actinomyces promoter. This assumption is based on the fact that the start site of the ftf gene was located about 2.5 kbp from the lacZ promoter in the E. coli vector and on the fact that addition of isopropyl-␤-D-thiogalactopyranoside to growing cultures of FTFLB4 had no influence on ftf expression (data not shown). The capacity of E. coli to express the fimbrial gene from A. naeslundii (46) has also been observed. Clearly, E. coli strains carrying the ftf gene acquire the ability to cleave sucrose and to synthesize levan-type polymers, as would be predicted, and as has been confirmed by using a mouse monoclonal antibody specific for ␤2,6-linked fructans (data not shown). Recently, we have insertionally inactivated the ftf gene in A. naeslundii WVU45 and have confirmed its essential role in levan production by these organisms (L. J. Bergeron and R. A. Burne, unpublished data), and studies are under way to study more closely the biochemical characteristics of the enzyme and its product.
To our knowledge, there are no published reports of the successful use of gene fusions to study the expression of any Actinomyces genes, although we have also demonstrated the utility of cat in the study of urease gene expression in this organism (E. Morou-Bermudez and R. A. Burne, unpublished data). The use of reporter fusions, coupled with mRNA analysis, has revealed that FTF expression in A. naeslundii is unaffected by carbohydrate source or growth domain, which is not the case for the FTFs of other gram-positive bacteria. For example, the use of cat fusions to the ftf promoter of S. mutans revealed that expression is constitutive but that transcription could be induced about threefold by addition of sucrose (43) , mediated through cis elements 5Ј to the promoter (26) . Additionally, pH and growth rate influence ftf transcription in S. mutans (43) . The regulation of the sacB gene, which encodes the levansucrase of B. subtilis, is mediated by an elaborately controlled antitermination mechanism (17) . More similar to the A. naeslundii ftf, many FTF genes from gram-negative bacteria are constitutively transcribed (21, 23, 39) . For example, E. amylovora levansucrase is produced constitutively, and its expression is modified by the levansucrase regulatory gene rlsA (48) . RlsA is a member of the LysR family of transcriptional activators, and it positively regulates transcription of levansucrase independently of the carbohydrate source (48) . Based on the data obtained with the cat fusion strains, it seems also that optimal expression of the A. naeslundii ftf gene could require a transcriptional activator(s). Therefore, the A. naeslundii FTF is more similar to the gram-negative levansucrases not only in terms of the primary sequence but also in terms of the regulation of expression.
To better understand the pathogenic potential of oral bacteria, substantial efforts have been directed at analysis of the metabolism by oral streptococci of sucrose, the most common carbohydrate associated with dental caries. Actinomyces species are abundant in supra-and subgingival dental plaque and on oral mucosal surfaces. However, the role of Actinomyces in oral biofilm formation, biofilm homeostasis, and oral diseases is still largely undefined. We have identified the ftf gene from A. naeslundii WVU45 in an effort to begin to dissect the role of sucrose metabolism and polymer production by this organism as it applies to oral health and diseases. Future studies will be oriented toward understanding biochemical properties of this enzyme and its role in persistence of A. naeslundii in the oral cavity.
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